almost limitless energy and a stable environment for replication. Thousands of microbial agents and viruses The immunity exhibited by plants and animals is often have evolved to carve out parasitic niches; in fact, there viewed as the evolutionary response to the problem of are far more obligate parasitic species than free-living infectious agents. In this respect, the combination of species of plants and animals (Price, 1980). If we think the innate immune system and the acquired immune of a food chain or food web in terms of large organisms system has been characterized as the "optimal solueating smaller ones, then the relationship between paration." In this essay, I propose that there is no possibility sites and their hosts can be thought of as an inverse of an optimal solution to the problem of parasitism. Refood web. Small organisms develop the ability to tap gardless of the immunological mechanisms evolved, ininto the resources of larger ones-eating them from fectious agents establish a dynamic interaction with the inside out. This is a true web of interactions since common strains of their host species, weighing viruvertebrates often harbor multiple parasites, the invertelence against transmissibility. In the endless host-parabrate parasites have parasites, and the parasites' parasite coevolution, the immune system can never gain an sites have parasites. upper hand on the millions of parasitic microbes and A constraint on a parasite's strategy is that the potenviruses. Rather, evolution of the immune system is tial host can have a strong motivation to avoid being driven, most importantly, by the small advantages conparasitized. It can mean loss of reproductive fitness. On ferred as a result of host variation. By selecting for everthe other hand, an obligate parasite is under an even more-devious parasites, the immune system is the stronger selective pressure. It must find a host, or its cause of its own necessity.
Even the acquired immune system, with its boundless into a complex physiological system with the basic components of the present day acquired immune system. plasticity, did not get us "somewhere else." Each solution instead has within it the seeds of its own demise.
A conclusion is that from sharks to aardvarks (as well as velociraptors and pterodactyls), all vertebrates arose The Enigma of Invertebrate Immunity Plants and the vast majority of animals on earth have from this aquatic predecessor lineage that happened upon the process of gene rearrangements. no acquired immune system; rather, they have a multiplicity of mechanisms to prevent infection that we colExactly how does the acquired immune system convey a selective advantage? Since an acquired immune lectively term innate immunity. I wish to emphasize that the most effective innate mechanism is the denial of response requires days to become effective, it is mainly directed toward combating an infectious agent that has access. Without barriers to infection, there are no possible cell and molecular devices that would be able to gained purchase despite barriers and other innate mechanisms of immunity. Studies on a number of bacteprevent rampant parasitism. In addition to barriers, the innate immune system is based on a set of rules that rial pathogens have shown that the acquired immune system is important in resolving an infection that is initranslate into a proscription against the display of pathogen-associated molecular patterns (PAMPs) not present tially controlled by innate immunity (Nauciel, 1990; Weintraub et al., 1997). It also confers memory upon surviving within free-living multicellular organisms. These rules have evolved over hundreds of millions of years, they individuals, such that reinfection is much less likely. A novel type of immune system has been recently are passed on intact to each new generation, and they are manifest in the specificity found in receptors and revealed to exist in our most distant vertebrate relatives, the jawless fish (Pancer et al., 2004) . Lampreys presummediators of the innate immune system: Toll-related receptors, mannose receptors, defensins, complement, ably branched off the vertebrate lineage prior to the invention of RAG-mediated gene rearrangements, and peptidoglycan recognition proteins, the coagulation reaction, and many others, some of which have yet to be they have apparently developed a parallel alternative to the acquired immune system. This immune mechanism discovered (Cooper et 
, 2004). Cells respond to PAMPs by setting in motion a number of physiological changes de-
or it may be able to combine leucine-rich repeat domains to extend the recognition specificity to a larger set of signed to slow microbial growth or viral replication. Specialized cells, such as hemocytes, can be called into the biochemical determinates. The distinction has important implications for self versus non-self recognition in these fray. We think of the innate immune system as having been selected to prevent the initiation of an infection animals, but the possibility exists that the lamprey immune system has selective aspects of both acquired and limit the replication of infectious agents. In principle, it should exhibit little memory, with each incident of and innate immunity. If it is restricted to the recognition of PAMPs, then it lacks the attendant costs associated infection treated as a surprise; however, there is evidence that immunization of invertebrates can be protecwith self-recognition (see below)
, and yet the organism may still benefit from the immune memory associated tive (Keith et al., 1992; Muta and Iwanaga, 1996; Kurtz and Franz, 2003). with clonal expansion. Such an immune system seems to blur the distinction between innate and acquired imThe invention of an acquired immune system at the dawn of vertebrate evolution was the raw material for munity. Of the many implications from this discovery, one is rapid variation and selection. Whereas the innate specificity for pathogens must have evolved by trial and error yet another affirmation of the notion that evolution is not directed toward an optimal solution. There are many at each generation, the acquired immune system could be selected to provide vast potential for recognition. biological solutions to each problem, and that which is selected is greatly influenced by chance. Since a clonally The problem of refining each specific receptor on an evolutionary time scale was eliminated. As its name imselected, somatically diversified receptor system evolved at least twice, I conclude that it most certainly conveys plies, the specificity for pathogens is acquired anew in each individual. This novel mechanism of selection a selective advantage in a world of infectious agents. How do the principles of virulence help to explain the coexist with their hosts in a completely benign or mutually beneficial manner, whereas parasites utilize host enigma of invertebrate immunity? One answer is that invertebrates don't need an acquired immune system resources, immobilize the host, and cause death in a high percentage of infections. Many fall somewhere bebecause they never had it. The parasitic agents of invertebrates have not coevolved with acquired immunity tween, exacting a price in terms of host resources without impeding host mobility. The differences seem to be so their virulence is calibrated to the coevolved innate immune system. The proposal here is that contrary to tightly interwoven with mode of transmission or, alternatively, the ability to infect multiple hosts (Read, 1994;  widely held views of practicing immunologists, the immune system is not evolutionarily selected to prevent Cooper et al., 2002; Ewald, 1995; Day, 2003) . For parasites that are directly and exclusively transmitted from infection in an absolute sense. Rather, it is selected to make one individual slightly more resistant or at least one vertebrate to another, virulence appears to be calibrated such that the host retains mobility. Too virulent, different than others of the same or related species. The adversary of any individual is not really the world of and the parasite immobilizes or even kills the host before its progeny can be passed on. Too benign, and it is out parasites, they are truly undefeatable, it is his or her neighbor. A zebra doesn't have to outrun the lion, just competed by faster growing variants. An important point is that high virulence is dominant. The entire population the slowest member of the herd. Another way of looking at this is that acquired immuof parasites within a host pays the price of a highly virulent variant. nity was not a final solution to the problem of parasitism. There is no final solution. As novel as the acquired imHow can this be reconciled with the existence of parasites that are extremely virulent? High virulence is mune was, for rapidly multiplying agents, it was just another hurdle. It may have driven parasites to invent strongly correlated with parasitic agents that can effect transmission other than by direct contact between hosts new strategies for fitness, but it did not convey invincibility or anything like it. To say the combination of innate (Ewald, 1999). One effective mechanism is to utilize an intermediate vector. Agents such as flaviviruses (causand acquired immunity is the optimal defense is a misunderstanding of the evolutionary landscape. I don't being diseases like dengue fever, yellow fever, or West Nile fever) or Plasmodium falciparum (malaria) maximize lieve there is an optimal defense. I don't believe there is a conceivable immune system that could not be obvireplication while paying less of price for host incapacitation. In fact, an infected host lying immobilized but alive ated once the barriers to infection have been breached. For all animals and their parasites, generation upon genis even more susceptible to the bite of a mosquito, and the mosquito thus acts an agent for the parasite. A eration, it has been evolutionary thrust and parry, until today as it was a million years ago and as it will be a second mode of infection for highly virulent agents is water transmission. Microbes, such as Vibrio cholera, million years hence, each and every species is literally plagued by parasitic microbial agents and viruses. cause terrestrial animals to excrete copious quantities of infectious fluids, and without extraordinary precautions, Secondarily, there are multiple factors that may affect the evolution of different forms of defense in species that they are transmitted through the water supply. Of course, the parasites of marine organisms are readily are physiologically and ecologically disparate. There is a high cost to developing and utilizing even the innate transmitted through water. A third strategy is for an agent to be highly enduring. Bacilli such as Bacillus immune system (Moret and Schmid-Hempel, 2000), and the adaptive immune system, with its surfeit of cellular anthracis can form spores that lie in wait for years, even under extreme conditions, and thus become transmitted production, is likely to be even more resource intensive. This does not explain how most animals are successful through the mobility of healthy potential hosts. Predict- without an adaptive immune system, but it argues that rate that is predominantly determined by infection and pathogenesis. Free-living invertebrates and their parainvertebrates could probably not afford the energy expenditure it would require. The field of ecological immusites should exhibit the same types of relationships that we find for vertebrates-a dynamic interaction in which nology has emerged to study just this problem (Rolff and Siva-Jothy, 2003). The problem for biologists is to parasites weigh the use of resources (virulence) against transmission. There should be benign parasites that understand how substantially different strategies of defense can be equally successful in host-parasite evominimally affect host behavior as well as highly virulent parasites that utilize multiple hosts or exhibit other charlution.
But We Seem to Be Protected?
acteristics that ensure their transmission. The longevity of invertebrates in the wild will undoubtedly be influThe immune system was not evolved to protect us? This seems counterintuitive. We see that the immune system enced by infectious agents, as it is in vertebrates, but a prediction is that it is not primarily limited by the abis absolutely essential to survival in a world of infectious agents, and we conclude that it was selected to prevent sence of an acquired immune system. Instead, it should be more importantly tied to other factors that have been disease. The problem is it doesn't prevent disease. Once infected, are we really protected from influenza, tubercufound to affect aging and survival. To make this point, I wish to briefly address four aspects of invertebrate losis, coccidioidomycosis, or toxoplasmosis? In the match-up between host immunity and parasitic selecbiology related to survival and parasitism: the lifespan of invertebrates, the causes of death in insects, paration, there's no contest. Like Alice pacing the Red Queen, we never get anywhere (evolutionarily) even sites that infect both vertebrates and invertebrates, and insect viruses. though we continue to run as fast as we can (Figure 1) (Cambefort and was found to be due to parasitoid insects and nemaHanski, 1991). This is not so different from our favorite todes. Is this mortality due to the lack of an acquired species for studying acquired immunity, the house immune system? Realizing that most parasitoid species mouse, mus musculus, which has an average lifespan do not invade adults and embryos would not be exin the wild of approximately 1 year and a lifespan in pected to have an organized immune system, this seems captivity of 2-5 years. A second example is the lobster unlikely. In addition, the acquired immune system is (Homarus americanus), which has been studied extennotoriously poor in ridding the body of parasitic nemasively due to its commercial importance. (Gould et al., 2003) . They are the etioviridans has caused high mortality in high-density holdlogical agents of dengue fever, yellow fever, Japanese ing conditions, but it has not been found in wild populaencephalitis, tick-born encephalitis, and the West Nile tions (Stewart, 1980 (Wilson, 1971; Carey, 2001 ). In addition, lifeinvasion resulting in lethal encephalitis. On the other span can also vary within a species depending on social hand, the arthropod vectors appear to maintain a lifestatus. Especially for subterreanean ants and termites, long infection that otherwise has no known effect. As the workers live weeks, whereas the queens can live up such, the invertebrate host does not clear the infection to 30 years (Bourke and Franks, 1995) . All individuals but experiences little pathology, whereas the vertebrate come from the same breeding stock, they live in the same environment, they are exposed to one another, host sometimes clears the infection, but when it fails, the ensuing host-parasite conflagration can be dire to most animals don't require an acquired immune system must lie elsewhere. I submit that a key lies in the stratethe host.
I think there are two lessons learned from these vigies of parasitism.
A Moment of Evolutionary Ecstasy Bought Us 400 ruses. One is that regardless of the type of host immunity, a virus is able to achieve its ends of replication and
Million Years of Misery Evolution has no foresight. A biological invention that transmission. The second is that an acquired immune system is not necessary to prevent a viral infection from confers an advantage gets propagated whether or not it may eventually lead to trouble or even species extinccausing death; rather, the lethality of a virus may more importantly depend upon its strategy for replication and tion. If the vertebrate acquired immune system is not necessary for evolutionary survival, we might even be transmission. In this case the virus most probably gains wider transmission by utilizing fewer resources of the so bold as to ask whether it was an evolutionary misstep. As discussed above, it must have provided a potent vector and greater resources of the vertebrate host.
The life cycle of trypansomes, such as Trypanosoma selective advantage, and it may even have contributed importantly to the success and rapid diversification of brucei, provides another illustration of the way in which a parasite can adapt to the immune systems of both vertebrates. However, it also came with attendant costs. By inventing a weapon able to recognize any possible invertebrate and a vertebrate hosts. Trypanosomes are most famous for their ability to express a single variant biochemical determinant and thus potentially destroy any cell, be it friend or foe, vertebrates developed the surface glycoprotein (VSG) and then switch to a completely different VSG at a rate of 10 Ϫ2 to 10 Ϫ7 switches potential for self-destruction for the first time in biological history. The acquired immune system also placed a per doubling time (Turner and Barry, 1989) . Importantly, this only occurs during the life-cycle phase in which strong and unpredictable selective pressure on parasites, one that would be expected to provoke a reaction. the trypanosome is in the mammalian bloodstream and subject to antibody-mediated inhibition; high-frequency
The Not surprisingly, we find that several hundred million years of evolution has mitigated that danger with preinfections can vary in frequency and in virulence. For an introduction into this realm of study see "The Insect ventative and negative feedback controls. We weed out self-reactive lymphocytes in the thymus or the bone Viruses" (Miller and Ball, 1998 immune memory. When a parasite has produced a stratat all had the progenitor lineage not happened upon egy that prevents a memory response, our ability to RAG-mediated gene rearrangements or at least some produce an effective vaccine is thus far, nil. That doesn't method of generating a somatically diversified, clonally mean there is no possibility for an effective vaccine, it expressed recognition system. Over hundreds of miljust means we face a steep uphill struggle, and perhaps lions of years of host-parasite interactions, even an inthis is where the study of species-and strain-specific cremental advantage would be expected to completely resistance may be fruitful. alter the evolutionary outcome. So to say that the ac-I conclude that a clear evolutionary approach to the quired immune system is an evolutionary mistake is nonproblem of host-pathogen interactions might encourage sensical. But, the acquired immune system came with the field to reconsider some of its most closely held attendant costs that have become evident in the fullness tenets. Perhaps we should not assume that each and of time as the immune system and parasites engaged every disease can be controlled by vaccination. Considin runaway "Red Queen" coevolution. Rather than celeering the biological invention that has been directed brate the acquired immune system as an optimal solutoward thwarting T cell responses and antibody reaction, we might see it as an appendage that generates tions, the possibility exists that for some agents, the its own necessity. acquired immune system is not up to the task. Other A Changed Perception avenues of treatment might be more efficacious, but in The invention of acquired immunity was like escalating a a more fatalistic vein, one might conclude that the most war with an omnipotent opponent, one that just deflects effective means of controlling disease, as it has always your energy or maybe even turns it back upon you.
been, is public sanitation, vector control, and education. How does this knowledge affect the way we think about A parasite can't replicate in a host to which it has no disease and immunity? For many years the study of access. It is antithetical to biomedical science as pracimmunology was carried out with little regard for infecticed in western countries, but technology may not be tious agents. With apologies to immunopathologists, the answer to most of the world's infectious diseases. much of what we've learned about immunology came from studying the immune response in inbred mice to dextran, sheep red blood cells, bovine serum albumin, selected to invoke huge responses before being cleared
